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Ultrastrong Fibers Assembled from Giant Graphene

Oxide Sheets

Zhen Xu, Haiyan Sun, Xiaoli Zhao, and Chao Gao*

High-performance synthetic fibers are an integral part of modern
industry and life. For example, Kevlar and carbon fibers possess
ultrahigh strength and stiffness owing to regularly aligned linear
polymer chains and planar graphitic layers.!!] High-performance
fibers have also been made from highly-aligned carbon nano-
tubes (CNTs).>! Tt is believed that graphene, the newly dis-
covered two-dimensional (2D) carbon allotrope, can rival CNTs
in advanced materials and electronic devices, because of its
fascinating mechanical and electrical properties.®13 Interest-
ingly, the large-scale availability of highly soluble graphene
oxide (GO),[1%131 a precursor of chemically converted graphene,
together with its liquid crystalline behavior!!*2% has promoted
preliminary efforts to create graphene-based fibers.'*1! Com-
posite fibers consisting of graphene, CNTs, and poly(ethylene
alcohol) (PVA) demonstrated superior strength because of the
synergistic effect between CNTs and graphene, but limited
electrical conductivity (1.3 x 1072 S/m) due to the presence
of polymer.2!l Recently, our group has raised a wet-spinning
methodology to fabricate neat graphene fibers from concen-
trated GO liquid crystal (LC).") Compared with the composite
fibers,?22l the neat graphene fibers demonstrated several
orders of magnitude higher electrical conductivity but relatively
lower strength. Therefore, achieving graphene fibers with both
excellent mechanical properties and high electrical conductivity
is becoming an urgent challenge to be addressed.

To meet such a challenge, we focus on improving the mechan-
ical strength of neat graphene fibers in this work. Generally,
greater aspect ratio of building blocks and their better alignment in
the fiber axis are the main factors to improve the mechanical per-
formance of polymer and CNT fibers.l'*23 Inspired by this under-
standing, we employed giant graphene oxide (GGO)!'”) sheets with
extremely high aspect ratios as building blocks to reduce defective
edges (Figure S1 in the Supporting Information), and achieved
highly ordered alignment of GGO sheets by wet-drawing liquid
crystalline gel fibers to make high-performance graphene fibers
with both high strength and conductivity. After introduction of
divalent ionic cross-linking, the graphene fibers exhibited a record
strength for macroscopic, neat graphene materials.

GGO sheets were made from natural graphite flakes on a
large-scale,['®24 and had good solubility in water because of their
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plentiful oxygen-containing functional groups (Figure 1a, and
Figure S2 and S3)[13-13:25:26], The thickness of GGO sheet (t) was
measured as =0.8 nm (Figure 1b), indicating the single-layered
attribute of dispersed GGO sheets in water.'”'® The average
lateral size (w) of the GGO sheets was 18.5 um with a relatively
wide distribution ranging from dozens of micrometers (up to
42 um) to several micrometers (down to 4 um) (Figure 1c and
Figure S4). According to the Onsager LC theory, #1327l such
high aspect ratio for GGO sheets (w/t = 2.3 x 10* determines
very low concentration to form stable LCs. From polarized
optical microscope (POM) observations, as the concentration
increased to =1-4 mg/mlL, stable GGO nematic LCs formed,
evidenced by the spreading Schlieren textures (Figure 1d
and Figure S5). Upon further increasing the GGO concentra-
tion to 8 mg/mL, vivid colors in the textures appear (Figure le),
which could be attributed to the local strong birefringence.
Additionally, synchrotron small angle X-ray scattering (SAXS)
tests of GGO dispersions revealed the enhancing orientational
orderings with increasing GGO concentrations, and the local
layered structure in the GGO LCs at a concentration of 8 mg/mL
answered for the emerged vivid birefringence in Figure 1le and
Figure S6. Due to the giant size of GGO sheets and the low
concentration of LCs, the stable liquid crystalline spinning
dopes (down to 4 mg/mL) have relatively low viscosity, which
favors the lowering of flowing friction and the continuity of the
spun fibers.

Although as-prepared GGO LCs hold pre-aligned orienta-
tional orderings at rest, the different linear disclinations dis-
tributed in three dimensional (3D) spaces (see black brushes in
Figure 1c) could disrupt the regular alignment of GGO sheets
in the final assembled materials.['% In the case of shear flow, the
asymmetrical colloids (e.g., CNTs and GO) in their LCs could
easily form regular alignments under the directional flowing
field.l">?8-3% Hence, GGO sheets in LCs are able to form regular
alignments along the flowing direction, as confirmed by POM
and SEM characterization (Figure S7). This alignment of GGO
sheets is helpful to get continuously assembled GGO fibers
with highly ordered micrometer-sized structures. We obtained
GGO fibers with compact and regularly aligned structures by
two optimized processes, including post-drying and stretching
(or wet-drawing) in the gel state. The in situ POM inspection
showed that GGO fibers without water washing are flat ribbons
and those with water washing are compact fibers with round
sections (Figure S8). We stretched the GGO gel fibers in the
coagulation baths under a flowing field (Figure 1e), and the cor-
responding elliptical 2D SAXS pattern distinctly indicated the
interior orientational ordering (Figure S6e). The resultant solid
fibers after stretching had approximately round sections and
compact structures, which are advantageous to improving their
mechanical properties (Figure 2a,b and Figure S9-11), similar
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Figure 1. a) The photograph of 0.6 L GGO liquid crystalline aqueous dispersion at a concentration of 4 mg/mL. b) AFM image of GGO sheet deposited
on mica. ¢) SEM image of GGO sheets deposited on silicon. POM images of GGO liquid crystalline gels loaded in the planar cells, at concentrations
of d) 4 mg/mL and e) 8 mg/mL. f) Schematic apparatus for spinning GGO fibers. “0” indicates the rotating center, “St 1.0” and “St 1.3” indicate the
locations of nozzle with distances of 2 cm and 1.5 cm to the rotating center, respectively. g) A five-meter long GGO fiber wound on a ceramic reel.

to the spinning of polymer-contained fibers by wet or hot-
drawing.[12130 The diameter of the stretched GGO fibers could
be lowered to =6 um (Figure 2a), close to that of commercial
carbon fibers. As a comparison, the sections of the collapsed
ribbons dried from the GGO gel fibers without stretching
showed crumbled morphologies (Figure 2¢,d and Figure S12).

The section morphology of GGO fibers in Figure 2 e f shows
a compact origami-flower-like structure with dentate bends,
which resembles the section structures of the pitch-based
carbon fibers.l! In GGO fibers, GGO sheets stacked densely
with local alignments and the layered GGO sheets regions
exhibited different orientational orderings around these bends.
In view of the aligned structures of the flowing GGO dopes
(Figure S7), these dentate bends into the solid fibers could orig-
inate from the orientational disclinations (points or lines) in the
spinning dopes. The surface of GGO fibers showed spreading
ridges and their heights were measured as =300 nm (Figure 2g,h).
During the drying process, GGO sheets on the gel fiber surface
underwent Eulerian buckling to form the dentate folds caused
by dehydration of the gel fibers.?% This dehydration-responsive
folding was also observed in the drying process of deposited
GO liquid crystalline drops on glass surfaces.?” After chem-
ical reduction by hydroiodic acid (HI) aqueous solution, the
resultant RGG fiber possessed the similar section morphology
as the case of GGO fibers. As shown in Figure 2i-k, RGG fiber
exhibited compact folding structure as seen from its section,
and the dense layered stacking can be identified in the magni-
fied images.

Following the optimized spinning process with stretching,
GGO fibers spun in the KOH coagulation bath had a tensile
strength of 184.6 MPa at 7.5% ultimate elongation with a 3.2 GPa
Young’'s modulus. This value of strength is about two time
greater that of our previously reported GO fibers spun from
small GO sheets with an average size of 0.84 um (102 MPa),l*
showing the mechanically enhancing effect of larger size GO
sheets. Such a size-induced enhancing effect has been previ-
ously reported by Shi and co-workers in the case of filtrated GO
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papers.133l Additionally, the KOH coagulation bath can remove
the oxidation debris on GGO sheets,?132 which is helpful to
effectively assemble the clean graphene sheets to compact struc-
tures and to promote the mechanical strength of the fibers.

In the pursuit of high-performance graphene-based mate-
rials, previous experimental and theoretical investigations pro-
posed that divalent ions offered interlayer and intralayer cross-
linking bridges between the oxygen containing groups and thus
brought the enhancement in the mechanical properties to GO
papers/films.*3° We chose CaCl, and CuSO, solutions as the
coagulation bath solutions to improve the strength of graphene
fibers. As presented in Figure 3a and Table 1, Ca?*-cross-linked
GGO fibers had a tensile strength of 364.6 MPa at 6.8% ulti-
mate elongation, and the fibers cross-linked by Cu?" exhibited
a tensile strength of 274.3 MPa at 5.9% elongation. Compared
with the GGO fibers spun in KOH solution, Ca**-cross-linked
GGO fibers doubled the tensile strength (364.6 compared
with 184.6 MPa) and the Young’s modulus (6.3 compared with
3.2 GPa). The elemental mapping analyses manifested that
Ca was homogenously distributed through the whole fiber
(Figure S13), confirming that the enhancement in mechanical
properties is mainly attributed to the cross-linking of divalent
ions between GGO sheets. Additionally, all GGO fibers without
wet-drawing showed lower tensile strengths (125.0-258.6 MPa),
about 33% lower in the case of Ca?*-cross-linked GGO fibers,
verifying our effective control over the performance of spun
GGO fibers (Figure S15 and Table S1).

Through chemical reduction by hydroiodic acid, the as-
prepared GGO fibers were turned to RGG fibers by partly
removing the original oxygen containing groups on GGO and
restoration of conjugated nets.> Significantly, the resultant
RGG fibers showed further enhanced strengths and Young' s
moduli (Figure 3a and Table 1). For example, the reduced coun-
terpart (Ca*-cross-linked RGG fiber) had a tensile strength of
501.5 MPa and Young’s modulus of 11.2 GPa, which are 41%
and 70% higher than those values of original GGO fibers. More-
over, the enhancements in both strength and stiffness took no
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Figure 2. SEM images of fiber sections spun in a) 5 wt% CaCl, and b) 5 wt% NaOH ethanol/water solutions with 1.3-fold stretching, and c,d) their
corresponding fiber section SEM images without stretching. SEM images of e,f) typical fracture and g,h) surface morphology of GGO fibers, and
i—k) section morphology of RGG fibers. |) SEM images of Ca?*-cross-linked RGG fiber (top), C-element mapping (middle) and Ca-element mapping

(bottom).

negative effect on the ultimate elongation (6.7% compared to
6.8%), indicating a significantly enhanced toughness of the
RGG fibers. We suggest that these enhancements in mechan-
ical properties by chemical reduction could originate from the
decreasing interlayer space between RGG sheets (=0.37 nm),
as demonstrated by XRD measurements (Figure S15),1%
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s GGOF-Ca®*
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and the remaining oxygen-metal cross-linking bridges. This
explanation of the cross-linking mechanism is supported by the
residual oxygen functional groups (ca. 12.5 at% O) in the X-ray
photoelectron spectroscopy (XPS) spectrum (Figure S16) and
the homogeneous distribution of Ca (ca. 0.6 at%) in the EDS
Ca-element mapping image (Figure 2i and Figure S17).
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Figure 3. a) Typical mechanical measurements under tension for GGO fibers and RGG fibers. b) Diagram of mechanical performance data for
graphene-based neat papers and fibers in previous reports and in this study. The hollow symbols indicate the neat GO-based fibers/papers and the
solid symbols indicate the reduced graphene-based fibers and papers. The red pentagrams denote GGO and RGG fibers in this work. SEM images of
fracture surfaces of c,d) the GGO-KOH fiber, e-h) theGGO-Ca?" fiber and —-RGG-Ca?* fiber. The dashed lines in (g) indicate either the boundary lines
or the cracking lines of the pulled-out graphene sheets. k) The deformation mechanism model of GGO/RGG fibers under tensile stress. The dashed

lines indicate the hydrogen bonds and coordinative cross-linking bridges.
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Table 1. Mechanical Properties and Electrical Conductivities of stretched
GGO and RGG Fibers.

Sample Tensile strength Break elongation Young’s Modulus Conductivity
[MPa] [%] [GPa] [S/m]

GGOF-KOH 184.6 7.5 3.2 -
GGOF-Cu? 274.3 5.9 6.4 -
GGOF-Ca?* 364.4 6.8 6.3 -
RGGF-KOH 303.5 6.4 6.1 3.9%x10*
RGGF-Cu? 408.6 6.0 8.6 3.83x10*
RGGF-Ca?* 501.5 6.7 1.2 41x10

The giant sizes of GGO sheets and their regular alignments
by the optimized spinning process were designed to translate
the outstanding mechanical properties of graphene sheets into
macroscopically assembled fibers. Our GGO and RGG fibers
possessed higher strengths compared with the graphene-based
neat papers and fibers reported previously (Figure 3b).13*+36-41]
The GGO fiber coagulated in KOH solution without coordi-
nated cross-linking (GGOF-KOH) possessed about 1.5 times
(184.5 MPa) greater tensile strength than the filtrated GO papers
(125 MPa),”) and its reduced fiber (RGGF-KOH) even showed
higher strength (303.5 MPa) than the annealed graphene papers
(293 MPa).8 The Ca?-cross-linked GGO fiber had 2.8 times
(364.4 MPa) tensile strength of the Ca?*-modified GO papers
(125.8 MPa)i**l and the borate-modified GO films (127 MPa).B
In fact, the tensile strength of Ca’*-cross-linked RGG fiber
(501.5 MPa) sets a new record for the strongest neat graphene
materials, which is about 20% higher than the highest ever-
reported value of annealed graphene fiber with possible covalent
cross-linking (420 MPa).* Notably, our spun GGO and RGG
fibers had much higher breakage elongation (=2-10 times) than
the reported neat graphene films/papers, which implies good
flexibility and higher toughness against fracture under tensile
stress. This also suggests that the mechanical strength and
stiffness of graphene fibers could be highly improved by fur-
ther modification of the spinning process and introduction of
stronger interactions such as covalent bonds between graphene
sheets.

The deformation mechanism of these GGO and RGG fibers
can be described by the tension-shear model, a prevalent theory
for nanocomposites.3%3! In the neat graphene system, there are
three kinds of dominant interactions between graphene sheets,
including van der Waals interaction, hydrogen bonds and coor-
dinative cross-linking. In GGO fibers, the hydrogen bonds
dominate and contribute to their mechanical strength.’”] After
chemical reduction, the increasing van der Waals interaction
along the decreasing interlayer space and the hydrogen bonds
between residual oxygen functional groups caused the enhance-
ment in the mechanical properties. Additionally, the divalent
ions bridged oxygen-containing groups on the GGO sheets and
at the boundaries by formation of coordination bonds. For neat
graphene materials, the interlocking effect between the out-of-
plane structures can promote their mechanical strengths and
these interlocking structures could have resulted from twisting
and wrinkling of the graphene layers.’”) Compared with the
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graphene films/papers with smoothly layered structures, more
wrinkles of layered graphene sheets in graphene fibers can
contribute additional forces to their mechanical performance,
which could explain the fact that graphene fibers generally pos-
sess stronger tensile strength and higher break elongation than
films/papers.

As shown in Figure 3c—j, the tensile fractures of GGO
and RGG fibers display a certain degree of elongation in the
fiber axes, indicating their elastic breakage nature. Upon
closer analysis, the typical stretched fibrils can be identified
at the fracture tips, and such a fracture feature resembles
the “pull-out” characteristic of neat CNT fibers under tensile
stress.l’l We further identified the distinct boundary lines of
the pulled-out graphene sheets at the fracture tips, which may
originate from either the edges of stacked graphene or the
cracking lines of graphene sheets. In the frame of the tension-
shear model of graphene fibers (Figure 3k), the constituent
graphene sheets endure a pulling force to slide from the
stacked graphene blocks under the tensile force in the fiber
axial direction. Therefore, these observed boundary lines of
graphene sheets support a tension-shear deformation mecha-
nism under tension in graphene fibers. Because of their good
flexibility, graphene fibers can be twisted together to obtain
continuous threads and yarns (Figure 4a—c), which could be
useful for making flexible and wearable sensors and superca-
pacitors devices.

After chemical reduction, RGG fibers showed excellent elec-
trical conductivities in the range of 3.8-4.1 x 10* S/m, about
4 times higher than that of reduced graphene papers (7.2 X
10° S/m)i*® and about 40% higher than that of graphene fibers
assembled from small graphene sheets (2.5 x 10* S/m),**
because of the giant size of RGG sheets and their regular align-
ment in the fibers. To investigate the electrical resistance of
RGG fibers under bending, the fiber was fixed on an insulating
tweezer by silver conducting paste and cycled bending was
operated by hand (Figure 4d inset). During 1000 times bending,
the conductivities of RGG fiber were stable and showed a negli-
gible fluctuation (Figure 4d). The high conductivity of the RGG
fibers together with their good flexibility makes them useful as
flexible and lightweight cables in wearable electronic devices. To
further study the electrical transport in RGG fibers, we inves-
tigated the temperature (T)-dependent conductivity (o) in the
range of 5-300 K. The RGG fiber behaved as a typical semicon-
ductor (i.e., a positive do/dT) in the investigated temperature
rangel*!l and the conductivity decreased from 4.1 x 10* S/m at
299 K to 1.8 x 10* S/m at 5 K (Figure 4e). Simulation indicates
that the electrical conduction in the RGG fiber system is con-
trolled by the hopping mechanism, which is in accordance with
the observed conductive mechanism in other neat graphene
materials (Figure S18).14

In conclusion, we designed and fabricated ultrastrong
graphene fibers with GGO sheets by wet-drawing and ion-
cross-linking. The giant size of the constituent graphene sheets
together with their good alignment resulted in a considerable
improvement in the mechanical performance of the graphene
fibers. The graphene fibers cross-linked by divalent ions pos-
sessed a record tensile strength (up to 0.5 GPa) among neat
graphene materials, with excellent electrical conductivity. Such
multifunctional graphene fibers have promise in versatile
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Figure 4. a) Photograph of the process to twist graphene fibers to yarns. b,c) SEM images of the twisted yarn at different magnitudes. d) Electrical
resistance of RGGF under cycled bending. The insets are photos of straight (left) and bending (right) RGGF during the test. e) Plot of temperature-
dependent conductivity of RGGF in the temperature range of 5-300 K. The inset is the sketched four-probe apparatus of the conduction test.

applications such as functional textiles, flexible and wearable
sensors, and supercapacitors devices. The realization of strong
fibers composed of giant graphene sheets opens the door for
the next-generation of high-performance fibers with superb
strength, excellent toughness, and rich functionalities fabricated
by a room-temperature supramolecular assembly strategy.

Experimental Section

Wet-Spinning for GGO Fibers: For a detailed description of the
materials used, preparation of GGO and the instrumentation see the
Supporting Information. Following the wet-spinning protocol depicted
in Figure 1f, GGO spinning dopes (5.0 mg/mL) were injected into
the rotating coagulation baths (20 rpm/min) at a rate of 100 uL/min
(about 2 m/min). The chosen coagulation baths were ethanol/water
(1:3 v/v) solutions of 5 wt% KOH, 1 wt% CaCl,, 5 wt% CaCl,, and
5 wt% CuSO,. After 30 min immersion in coagulation baths, the
GGO gel fibers were transferred into the water bath to wash away
the residual coagulation solution, and the washed GGO fibers
were collected onto the bracket. The wet-drawing of gel fibers in
the spinning process was realized by adjusting the location of the
nozzle. For example, spinning at the location S-1.3 (about 2 cm from
the rotation center) yielded 1.3-fold stretched GGO fibers; spinning
at the location S-1 (about 1.5 cm from the rotation center) yielded the
GGO fiber without stretching. The wet fibers were dried at 60 °C in
air for 1 h and then dried at 60 °C under vacuum for 12 h, to give the
final GGO fibers (Figure 1f).

Chemical Reduction of GGO Fibers: Dried GGO fibers were immersed
into the hydriodic acid solution (30%) and kept at 80 °C for 12 h. After
cooling to room temperature, the fibers were washed by water and
ethanol in succession and dried at 100 °C under vacuum for 12 h.
Through this chemical reduction process, GGO fibers were turned to
reduced giant graphene (RGG) fibers.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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from the author.
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